Colorectal cancer is a leading cause of death worldwide. Accurate diagnosis and evaluation of malignant extent are crucial for disease treatment. In order to improve the current limited effectiveness of agents for the current theranostics of this disease, we selected upconversion nanoparticles (UCNPs) as an alternative agent, due to their unique luminescence properties.
Introduction
Colorectal cancer is a common disease, with the second highest incidence rate worldwide.
1,2 Clinically, laparoscopic colorectal surgery is the main method for treatment of this disease. Due to weak contrast between the cancerous tissues and the normal tissues, it is difficult to use visual inspection to effectively eliminate cancerous tissues. 3, 4 Therefore, it is necessary to develop non-invasive or invasive detection techniques for treatment of this cancer.
Recently, near-infrared (NIR) uorescence-based theranostics have shown great potential in oncology. 5, 6 In particular, lanthanide-doped upconversion nanoparticles (UCNPs) display distinct optical properties, such as conversion of longwavelength NIR light to short-wavelength light, large antiStokes shi, sharp emission, long luminescence lifetime and photostability. 7 Thus, they can exhibit high penetration depth and low autouorescence background in bioapplication. To date, UCNPs have been used in bioimaging, photodynamic therapy, photothermal therapy, and traceable delivery. [8] [9] [10] [11] [12] However, for these application, UCNPs are generally administrated via the intravenous (IV) route. Upon IV administration, UCNPs undergo opsonisation and sequestration by the mononuclear phagocyte system (including the liver and the spleen). [13] [14] [15] [16] Because of the peritoneal-blood barrier, it is low tumour-targeting effectiveness that UCNPs show following IV injection into peritoneal tumour models.
As colorectal tumours are located in the abdominal cavity, intraperitoneal (IP) injection seems to be alternative to deliver UCNPs due to spatial proximity. It has been proved that IP administration allows accumulation of exogenous materials in the abdominal cavity at high concentrations and decreases harmful systemic exposure, compared with IV administration. [17] [18] [19] So far, no comprehensive and quantitative studies, which focus on the metabolism of UCNPs via IP administration in organisms and their tumour-targeting effectiveness in colorectal cancer, have yet been reported. In order to ll this margin, the representative materials, NaLuF 4 :20% Yb,1% Tm@NaLuF 4 , were prepared. Citrates were used for ligand exchange as they are frequently-used chelators with excellent biosafety. 20, 21 The related biological process of UCNPs via IP injection into mice was subsequently determined. As shown in Fig. 1 , transmission electron microscope images illustrated that NaLuF 4 :Yb,Tm (Fig. 1a) and NaLuF 4 :-Yb,Tm@NaLuF 4 (Fig. 1b) were of uniform size with an average diameter of 12 nm and 21 nm, respectively. The interplanar spacing of 0.51 nm also matched with d-spacing of (100) plane of hexagonal phase NaLuF 4 (Fig. 1c) . Energy dispersive X-ray analysis spectrum was shown in Fig. 1d , which conrmed the presence of Lu, Yb and F in the nanocrystals. In Fig. S1 , † X-ray diffraction peaks of core and core-shell UCNPs correlated well with hexagonal structure of NaLuF 4 (JCPDS no. . No diffraction peaks corresponded with cubic phases or other impurities, indicating successful preparation of pure hexagonal-phase cit-UCNPs via the solvothermal method.
To achieve satisfactory dispersion of the nanoparticles in water, citrates were used as surface ligands to replace with the oleic acids (OA) of the as-prepared nanocrystals. As conrmed in the Fourier-transform infrared spectra (Fig. S2 †) , the bands of OA-UCNPs at 2.856 cm À1 and 2.928 cm À1 were assigned to the symmetrical (n s ) and asymmetrical (n as ) stretching vibration of methylene (CH 2 ) in the long alkyl chain, respectively. In addition, the peak of OA-UCNPs at n ¼ 3.006 cm À1 was attributable to ]C-H stretching vibration. However, these three peaks disappeared in the spectrum of citrate-modied UCNPs (citUCNPs), demonstrating that -CH 2 -CH 2 -group was eliminated in the ligand exchange reaction. Also, the peaks at 1.460 cm À1 and 1.566 cm
À1
, corresponding to the symmetrical (n s ) and asymmetrical (n as ) stretching vibration of -COOH group of OA, respectively, shied to 1.398 cm À1 and 1.599 cm À1 in the cit-UCNPs spectrum. As a result, OA ligands were successfully replaced with citrates. Under excitation by a CW 980 nm laser, the nanomaterials in water exhibited two characteristic upconversion luminescence (UCL) emission peaks at 475 nm and 802 nm (Fig. 2) ) at 1 h post-injection. As reported, the pancreas in mice is a thin, membranous gland located in the belly. 22 The accumulation of xenobiotics in such tissues is achieved via macrophage uptake by tissue-resident and peritoneal macrophages homing to the pancreas. 23 The mesentery is a double layer of peritoneum in the abdominal cavity. 24 Because of a large number of lymph nodes dispersing in the mesentery, this physiological structure provides a large absorbent surface for cit-UCNPs to localize. Accordingly, signicant amount of citUCNPs accumulated in the pancreas and the mesentery. Subsequently, the amount of Lu 3+ in the spleen increased to 36.85% ID per g, while the amount in the pancreas and the mesentery decreased to 39.14% ID per g and 35.52% ID per g, respectively, within 12 h. In addition, unit mass accumulations of Lu 3+ in the liver, the intestines, the stomach, the reproductive system, the peritoneum and the kidneys were less than 20% ID per g within 240 h. To further validate the quantitative results, UCL bioimaging ex vivo was performed. As shown in Fig. S3 , † strong UCL signals at 1 h were observed in the pancreas and the liver. UCL intensity then gradually decreased over time. As a comparison, cit-UCNPs at an equivalent dosage were administered via IV injection, and the results ( Fig. 3b and S3 †) suggested that UCNPs predominantly localized in the liver and the spleen. These results indicated that these two dense organs were dominant mode of clearance for the particles. Because the mass of the liver was usually larger than the mass of the spleen, unit mass accumulations (% ID per g) of cit-UCNPs in the spleen were obviously greater than that in the liver during 6-48 h aer IV injection. Moreover, the biodistribution of cit-UCNPs in vivo was also analyzed by plotting the percent of the total administrated Lu 3+ in each tissue. Shown in Fig. S4 , † in the IP group, the accumulating amounts of cit-UCNPs in the liver and the intestines were more than in the other organs within 6 h. Specially, % ID of Lu 3+ in the liver was the highest in the normal mice injected intraperitoneally during 6-120 h. Furthermore, injected at the same dosage, less nanoparticles were in the liver via the IP route than via the IV route. As reported, the injected agents should be eliminated as much as possible at the termination of clinical treatments. As shown in Fig. S5a , † the elimination of accumulated Lu 3+ in citUCNPs via IP injection sharply increased within 12 h and then gradually increased. At 12 h, 14.0% of the total injected dose had been excreted via the intestines, and at 240 h, 14.9% had been excreted. The amount excreted aer IV injection was less within 240 h, indicating that UCNPs via IP injection were excreted faster than those via IV injection during the same period (Fig. S5b †) . In addition, 0.2% particles underwent renal excretion within 240 h aer IP administration. Most of the citUCNPs injected intraperitoneally were excreted through the intestines.
UCL confocal imaging of main organs
To determine topical distribution of cit-UCNPs in the regional and local organs, the tissues extracted from the normal male mice at 6 h aer IP administration were cut into sections with 5 mm thick and observed under a uorescence confocal microscopy. As shown in Fig. S6 , † UCL signals at 470 nm were mainly detected in the pancreatic duct, the liver, the red pulp of spleen, the mesentery and the surface of the intestines. Following IV injection, UCL signals in the pancreas, the mesentery and the surface of the intestines were undetected at 6 h, but were detected in the liver and the spleen. Therefore, the mechanism of absorption, distribution, metabolism and excretion of UCNPs modied with citrates via IP administration was different from those observed via IV administration.
Biosafety assessment of cit-UCNPs at the dosage used for UCL imaging in vivo
The effects of cit-UCNPs on the hematological prole at 24 h and 60 d aer IP injection were shown in Fig. 4 . Signicant differences for neutrophil (NEUT) and the percentage of mononuclear macrophage in white blood cells (MONO%) between the experimental group and the control group (P < 0.01) were observed, which represented topical inammation. NEUT and MONO% are common indicators of body's immune response to exogenous substrates, and represent biological selfdefense and self-regulation. 25, 26 This is a normal physiological phenomenon. With the exception of NEUT and MONO%, no signicant differences were found between the two groups in routine blood analysis. Proteins or enzymatic markers of liver and renal function in the experimental groups revealed no signicant differences from those in the control groups. In addition, no pathological changes or injuries were detected in main organs following cit-UCNPs administration (Fig. 5) . These results reected biological safety of cit-UCNPs via IP injection at the dosage used for NIR uorescence tracking imaging over a short or long period.
With the respect of theranostic applications of UCNPs, the toxicity of such nanoparticles in vivo is indispensable to be concerned. Since UCNPs are delivered into body mainly through intravenous injection, lots of the relate studies concerning the long-term toxicity of UCNPs have been reported so far. For example, triplet-triplet annihilation-based upconversion nanocapsules were injected into mice via the intravenous route at the dosage of 1.200 mg kg À1 wt, no noticeable toxicity over a period of 60 days was observed with the data of body weight, histological test, hematological test and blood biochemical examination.
14 Polyacrylic acid-coated NaYF 4 :Yb,Tm nanophosphors (average diameter, 11.5 nm) were intravenously injected into mice at the dosage of 15 mg kg À1 wt. Within 115 days following administration, the behaviour, body weight, histology, hematology and serum biochemistry of the mice were analyzed. No abnormal indicators were observed, suggesting that these nanoparticles were biosafe under certain experimental conditions for in vivo application. 27 Whereas, the studies about toxicity of UCNPs injected intraperitoneally into body are insufficient. The biosafety results in this study are doubtlessly useful to further application of UCNPs in biomedicine.
Tumour accumulation of cit-UCNPs in colorectal cancer models
Based on the biodistribution of cit-UCNPs via IP injection and satisfactory biological safety, cit-UCNPs seemed to have suitable applications in diagnosis and treatment of abdominal cancer. In order to verify this hypothesis, passive tumour-targeting effectiveness of cit-UCNPs aer IP administration was detected. The IP group exhibited excellent results that % ID per g (unit mass accumulations) of Lu 3+ in cit-UCNPs in the tumours was markedly higher than that in the normal organs aer 6 h (Fig. S7a †) , while % ID per g of Lu 3+ in the tumours in the IV group was signicantly lower than that in the liver, the spleen and others within 240 h (Fig. S7b †) . Within 24 h following IP injection, part of cit-UCNPs gathered in the intestines, resulting in fast excretion in the initial period aer administration (Fig. S8a †) . At 72 h, % ID of Lu 3+ in the LOVO tumours in the IP group was the highest. The passive tumour-targeting effectiveness of the intraperitoneally injected cit-UCNPs was higher than the intravenously injected particles (Fig. S8 †) . The related luminescence imaging of mice in the IP group also validated the quantitative results (Fig. 6 ), which suggested that passive tumour-targeting effectiveness of cit-UCNPs via IP injection was higher than that via IV injection. As shown in Fig. 7a , unit mass accumulations of Lu 3+ in cit-UCNPs in the tumours were more than 20% ID per g within 72-120 h in the IP group, and was less than 2.0% ID per g within 240 h in the IV group. Particularly, at 72 h aer administration, 43.20% ID per g of the cit-UCNPs were in the LOVO tumours in the IP group, while 0.60% ID per g of the cit-UCNPs were in the LOVO tumours in the IV group. The former was more 72 times than the later. This result was far superior to the reported active tumour-targeting effectiveness of other materials in the cancer models. As reported, a multifunctional gold-nanoparticle system composed of a monoclonal antibody against epidermal growth factor receptor and a Co(II) coordination compound was intravenous injected into HCT116-derived xenogras tumours, and its accumulating concentration in the tumours was appropriately more 3.62 times than that of the non-targeted counterpart.
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Confocal microscopy showed that UCL signals from the tumours in the IP group were positively detected at 1 h and 72 h, and most particles gradually permeated from the exterior to the interior of solid tumours over time (Fig. 7b) . In contrast, signals from the tumours in the IV group were not detected at the same time point. These results suggested that the passive tumourtargeting effectiveness of UCNPs via IP injection was higher than that via IV injection.
The effectiveness of nanoparticle application in cancer theranostics is partly dependent on administration routes. Different administration may lead to signicant differences in biodistribution pattern of agents. The clinical administrating ways include oral, intravenous, intraperitoneal, intra-arterial, intra-muscular, and so on. The oral administration can be performed easily, but there are many barriers such as digestive uids and acidic pH that hamper effective agent delivery. 29 Aer intravenous administration, the agents in vivo always interact with blood components, resulting in large amounts accumulating in the mononuclear phagocyte system (the liver and the spleen).
11 The intraperitoneal administration can increase agent concentration in the peritoneal tumours, on the basis of spatial proximity. The biocompatible agents at high molecular weight exhibit prolonged retention in the abdominal cavity.
17
The intra-arterial administration can deliver agents into the main bloodstream with high concentration. 30 It causes more accumulating amounts of agents in the tumours and less amounts in the mononuclear phagocyte system. However, this administrating way is usually high risky. The intra-muscular administration is appropriate for narcotic analgesics and antibiotics, but it may cause nerve injury. 31 These administration routes should be selected in accordance with the goals of the studies. As for cancer theranostics, especially the tumours locating in the abdominal cavity, the intraperitoneal administration seems to be a sensible choice for agent delivery.
Materials and instruments

Materials
The rare-earth oxides RE 2 O 3 (99.999%) (RE ¼ Lu, Yb, Tm) were purchased from Shanghai Yuelong New Materials Co., Ltd. Oleylamine (OM, >80%), oleic acids (OA, >90%) and citrates were purchased from Alfa Aesar Ltd. Hydrochloric acid, cyclohexane and ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd (SCRC). Roswell Park Memorial Institute's medium (RPMI) 1640 culture solution was bought from Hangzhou Jinuo Biomedical Co., Ltd. Rare-earth chloride solutions were prepared as described. Deionized water was employed throughout. All the other reagents were analytical and dealed without further purication.
Characterization
The size and morphology of as-prepared nanoparticles were determined by transmission electron microscope (TEM, JEOL JEM-2010). Fourier-transform infrared (FTIR) spectra were collected using an IR PRESTIGE-21 spectrometer (Shimadzu) from samples in KBr pellets. X-ray powder diffraction (XRD) measurements were accomplished with a Bruker D4X-ray diffractometer (Cu Ka radiation, l ¼ 0.15406 nm). An Edinburgh LFS-920 spectrometer, of which the xenon lamp was replace with the external 0-3 W adjustable CW laser at 980 nm (Connet Fiber Optics, China), was used to measure UCL spectra of the as-prepared nanoparticles.
Synthesis and characterization of NaLuF 4 :Yb,Tm@NaLuF 4 nanocrystals modied with citrates
NaLuF 4 :Yb,Tm nanoparticles were synthesized in a solvothermal method. 32 The core/shell structured NaLuF 4 :Yb,Tm@NaLuF 4 was prepared with an epitaxial growth method. 33 Citrates modied core-shell nanoparticles were prepared in accordance with the previously reported literature.
34,35
Animals protocols
All animal experiments were performed in compliance with the guidelines of National Institute for Food and Drug Control, China, and were approved by the Institutional Animal Care and Use Committee, School of Pharmacy, Fudan University. Kunming male mice (4 weeks old, 18-21 g body weight) were purchased from the Second Military Medical University and used in this study. Male colorectal cancer models, developed with human colorectal cancer LOVO cell line, were purchased from SLRC Laboratory Animal Co., Ltd (Shanghai, China). The tumours were grown to 3-4 mm in diameter. The mice were fed in a temperature-controlled, light cycled room. Cit-UCNPs were injected into the mice at a dosage of 16 mg kg À1 body weight. IP injection was inserted into the abdominal cavity, while IV injection, which was served as the contrast test, was through tail vein of mice.
Absorption, distribution, metabolism and excretion of cit-UCNPs in normal mice
Before the ADME (absorption, distribution, metabolism and excretion) analysis, the luminescence intensity of the synthesized cit-UCNPs dispersed in aqueous solution was detected with in vivo imaging system (In Vivo Xtreme, designed by our group). Upon irradiation by a CW 980 nm laser with a power density of 50 mW cm À2 , upconversion luminescence signals of 800 AE 12 nm were collected and the related data were analyzed with Kodak Molecular Imaging Soware. When the counts of cit-UCNPs at 800 nm were about 3000, the concentration of the nanomaterials could serve as the lowest working concentration in animal experiments. The cit-UCNPs at such concentration in 50 mL volume were injected into mice via the intraperitoneal or intravenous route. In this study, 16 mg kg À1 wt was the lowest injecting dosage for the cit-UCNPs to successfully perform upconversion luminescence imaging in vivo. UCL imaging was used to study distribution of cit-UCNPs in Kunming male mice given an IP or IV injection. The injected mice were fed in special metabolic cages. At 1 h, 6 h, 12 h, 24 h, 48 h, 72 h, 120 h and 240 h, feces and urine of three normal mice per time point were collected for quantitative detection. Then, these mice were sacriced and anatomized at each time point. Under the excitation at 980 nm, UCL signals at 800 AE 12 nm were collected and images were analyzed. Furthermore, the tissues of the mice, including the heart, the lung, the liver, the spleen, the intestines, the stomach, the pancreas, the reproductive system, the peritoneum, the mesentery and the kidneys, were weighed and subsequently digested in HNO 3 
36-38
The corresponding values were evaluated as mean AE standard deviation for three mice per group.
UCL confocal imaging of main organs
Histological section analysis was performed as previously described. 39 5 mm cryostat sections of the frozen tissues were imaged by laser scanning upconversion luminescence microscopy (LSUCLM) with an Olympus FV1000 scanning unit. Upon excitation at 980 nm, luminescence signals were collected in the channel of 400-500 nm.
Biosafety assessment of cit-UCNPs at the dosage used for UCL imaging in vivo
Each of Kunming male mice was injected intraperitoneally with cit-UCNPs at 16 mg kg À1 wt, while mice in the control group were treated with none (n ¼ 6). At 24 h and 60 d post-injection, blood of the mice under treatment was collected for serology studies. Aer that, the mice were sacriced and the organs (the liver, the spleen, the lung, the kidneys and the pancreas) were recovered. The blood in 500 mL, collected in microtubes containing ethylene diamine tetraacetic acids, was tested for routine hematological assay.
40, 41 The parameters contained white blood cell (WBC), neutrophil (NEUT), mononuclear macrophage (MONO), eosinophile granulocyte (EO), lymphocyte (LYMPH), red blood cell (RBC), etc. In addition, each of blood samples in 600 mL was centrifuged at 2000 rpm for 10 min at ambient temperature aer keeping stationary for 0.5 h. The sera were separated in order to evaluate the liver and the renal function. These indices contained aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), total bilirubin (T-BIL), globulin (GLOB), albumin (ALB), total protein (TP), creatinine (CRE), uric acid (UA) and blood urea nitrogen (BUN). In order to further examine the possible toxicity in vivo induced by IP treatments, the harvested organs underwent histopathology analysis, involving general aspects of organ preservation, nuclear pyknosis, inammatory inltrate, cell desquamation, etc. 
Tumour accumulation of cit-UCNPs in colorectal cancer models
Tumour-bearing male mice were euthanized at 1 h, 6 h, 24 h, 72 h, 120 h and 240 h aer injection with cit-UCNPs via the IP or IV route (n ¼ 3). The harvested tumours and main organs containing the liver, the spleen, the intestines, the kidneys and the lung were imaged. Aerwards, collected and digested in HNO 3 for 12 h at 60 C, the tissues were diluted with deionized water and detected by ICP-AES. The passive tumour-targeting efficiency of cit-UCNPs was assessed by % ID per g. 42, 43 In addition, histological section analysis was performed.
Statistics
Given as mean AE standard deviation for at least three repetitions, the results were examined by paired Student's t test. P values of less than 5% were considered signicant difference, and less than 1% were highly signicant difference. 44 
Conclusions
In the present study, core-shell nanocomposites NaLuF 4 :-Yb,Tm@NaLuF 4 , modied with citrates, were prepared and subsequently injected via the IP route into the normal male mice for basic biological research. The relevant results indicated that cit-UCNPs via IP injection could predominantly accumulate in the regional and local tissues in the abdominal cavity, which led to quite different biodistribution and metabolism from that via IV injection. It is at relatively faster rate that UCNPs in the IP group were cleared away from body than that in the IV group. More importantly, the passive tumour-targeting effectiveness of cit-UCNPs via the IP route was evaluated, and the results indicated that UCNPs via the IP route had signi-cantly higher tumour-targeting efficiency than that via the IV route. A thorough comprehension -biological processes of UCNPs through IP injection, and the unique advantage in passively targeting to the tumour in colorectal cancer in situmight not only guide excellent design of nanoparticles, but also elevate UCNPs-based treatment from a promising eld to a viable and practical strategy for disease in the clinical arena. 
